Abstract: This work presents the results of a study concerning the influence of the addition of rareearth elements (La 2 O 3 and CeO 2 ) on the sintering of the WC/10Co cemented carbide. Several WC/10Co mixtures containing up to 3 wt.% rare-earth of the cobalt phase were prepared. Specimens were uniaxially pressed at 200 MPa, and sintered in a vacuum furnace at 1400 ºC during 60 minutes. The sintering behaviour was accompanied by the linear shrinkage, density, and mechanical strength. The development of the microstructure was followed by XRD and SEM. The results showed that the sintering behaviour of the WC/10Co cemented carbide was influenced by adding of rare-earth element. In addition, the lanthanium oxide addition was more effective on the improvement of the physical-mechanical properties of the studied carbide.
Introduction
Cemented carbides are a class of very hard, wear resistant materials produced by powder metallurgy processing such as compacting/sintering, hot pressing, and sinter/HIP [1] . The cemented carbide consists of fine particle of tungsten carbide bonded mainly with metallic cobalt. There are several tungsten carbide/cobalt grades, being that the more usual grade consist of 90%WC and 10%Co [2] . The main applications of this cemented carbide are machining operations and cutting tools.
In recent years, special attention has been devoted to study the effect of the addition of rareearth elements on the sintering behaviour of cemented carbide [3] . This interest is related to the possible beneficial effects that can cause on the mechanical properties and performance of cutting of cemented carbide.
The aim of present work is to examine the influence of the addition of rare-earth elements (La 2 O 3 and CeO 2 ) on the sintering behaviour of the WC/10Co cemented carbide. The sintering behaviour was analysed in terms of linear shrinkage, density, mechanical strength, and microstructure. In Brazil, the main deposits of rare-earth minerals are located in the Espírito Santo and Rio de Janeiro States [4] .
Materials and methods
A series of WC/10Co + rare-earth powder mixtures, with La 2 O 3 and CeO 2 additions up 3%, were prepared (Table 1 ). In addition, carbon black was used in order to adjustment of the carbon content. Paraffin wax was used as a lubricant in the compacting step. The samples were mixed and homogenized through wet conventional milling during 72h using cyclohexane. After mixture step, the cyclohexane was eliminated by drying process.
The samples were formed by uniaxial pressing in a cylindrical steel die (φ = 10 mm) at 200 MPa. The sintering step of the samples was done in an electrical furnace at 1400ºC during 60 min. Heating rate has been controlled to ≅ 30ºC/min. The following properties were determined: linear shrinkage, relative density and compressive strength. The sintered microstructure of the samples was done by scanning electron microscopy and X-ray diffraction.
Results and discussion
The densification behaviour of the WC/10Co cemented carbide as a function of the addition of rare-earth elements is shown in Figure 1 . The theoretical density of the WC/10Co is 14.53 g/cm 3 . It has been reported in the literature [5] that cemented carbides are sintered by liquid phase. After be obtained the system eutectic temperature, the liquid cobalt it will flow to wet and form a film around the solid particles (WC). The liquid film provides a surface tension force, resulting in the particle rearrangement. As a consequence, a high amount of porosity was eliminated in the green piece. This occurred in the sintering of the sample M0 (WC/10Co), which is free of rare-earth element. This sample presented a densification of 86.48%.
It can be also observed in Figure 1 that the additions of rare-earth oxides (La 2 O 3 and CeO 2 ) results in a densification gain in the sample of WC/10Co cemented carbide. The densification gain can be up to 8%, depending of the content and type of rare-earth element. The sample M6 (WC/10Co/3La 2 O 3 ) presented the major densification to studied sintering conditions.
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Advanced This fact is related to the influence of the rare-earth element added (La 2 O 3 and CeO 2 ) on the cobalt phase. The rare-earth element diminishes the melting point of the cobalt phase [6] . In addition, it also can cause diminution in the surface tension with thin films being formed by adsorption in the carbide/liquid cobalt interface, resulting in a better wetting condition of the cobalt. As a consequence of these processes, the sintering temperature of the cemented carbide was diminished [7] . Thus, the samples of rare-earth containing cemented carbide remained more time under sintering, which resulted in a densification more effective.
The Figure 2a -b shows the microstructure of the samples M0 (WC/10Co) and M6 (WC/10Co/3La 2 O 3 ) sintered at 1400ºC/30min. It is observed that the microstructural defects in the samples of cemented carbide are mainly pores. In addition, the microstructure of the sintered samples with addition of rare-earth and free of rare-earth is very similar. The linear shrinkage of the sintered samples as function of the content of La 2 O 3 and CeO 2 is shown in Figure 3 . As can be observed all samples exhibited high linear shrinkage (21 -23%) during sintering. This is related to the low values of density of the green pieces. In addition, the values of linear shrinkage obtained are within the limits to cemented carbides which are of 18 to 26% [8] . Figure 4 shows the compressive strength of the sintered samples as a function of the content of La 2 O 3 and CeO 2 . The results of mechanical strength obtained in this work are to effect of comparison only among the studied samples. It was verified that the mechanical strength increased with the addition of rare-earth. However, it was also observed a complex variation of the (a) (b) mechanical strength. The compositions more effective were: M6 (WC/10Co/3La 2 O 3 ) and M9 (WC/10Co/1.3CeO 2 ). This is associated to densification of the sintered material. In addition, the rare-earth additives can inhibit the transformation of the martensic phase of cobalt (ε-Co), which make the material more fragile. Thus, the content of the α-Co (CFC) phase, that is a phase more ductile, is increased, resulting in an increasing of the mechanical strength of the cemented carbide. The particles of rare-earth element can be fixed in regions of various defects, which diminish the nucleus potential (ε) [3] . X-ray diffractograms of the studied material are shown in Figure 5 . It can be observed that both samples M0 (WC/10Co) and M6 (WC/10Co/3La 2 O 3 ) presented the following phases: WC, Co 3 W 3 C and γ. The cobalt peaks weren't observed due the Cu-Kα radiation used. The formation of the intermediary phases Co 3 W 3 C and γ are undesirable, because they are associated the carbon loss and make the carbide material more fragile. In addition, the appearance of the γ phase can be the evidence of the ε carbide phase that involve Co and WC. The results also showed that all rare-earth containg sintered samples are very similar with the rare-earth free samples. Thus, the formation of the intermediary phases wasn't associated to the rare-earth elements added. 
Conclusions
From the results presented above the following conclusions can be drawn:
The sintering behaviour of the cemented carbide (WC/10Co) was positively influenced by the addition of the rare-earth elements (La 2 O 3 and CeO 2 ), being the addition of 3wt.% La 2 O 3 more effective. It was observed an increase of densification around of 6-8%, depending of the rare-earth elements. 
